0.77). However, Sibbesen and Sharpley (1997) noted that if a wider range of STP concentrations was studied,
loss, STP must be accompanied by a measure of desorbability that reflects the cation status as well as the ionic strength of the aqueous phase of the system (Beauche-T he loss of phosphorus (P) from soil to surface runoff min et al., 1996; Ryden and Syers, 1975) . If soil testing and subsurface drainage is of concern due to the data and methods can be used in water quality protecresulting effect upon surface water quality (Foy and tion, appropriate criteria and upper STP thresholds have Withers, 1995; Sharpley et al., 2000) . The continued to be established. Little work has been done to identify application of fertilizers and manures in many areas has what these thresholds should be. One approach may be resulted in the buildup of soil P concentrations above to use a split-line model to determine a soil P threshold those required for optimum plant growth. These eleor change point that separates the relationship between vated concentrations increase the potential for P loss.
STP and DRP in drainage waters into two sections, one The loss of P in dissolved and particulate forms is a with greater P loss per unit increase in STP than the function of, but not exclusively of, topography, soil type, other (Hesketh and Brookes, 2000; McDowell and Consoil test phosphorus (STP) concentration, and soil hydron, 1999; McDowell and Trudgill, 2000) . Effectively, drology. Measures to stop erosion can significantly dethe change point in a split line model represents an crease particulate and dissolved forms of P loss (Withers approximation of a curvilinear relationship such as a and Jarvis, 1998). However, decreasing dissolved P loss sorption isotherm, but more importantly it is designed alone is much more difficult.
as a management tool to estimate when in STP the Over the past three decades much research has shown potential risk of P loss increases. For example, in soils that the dissolved reactive phosphorus (DRP) concenwith an Olsen P concentration ranging from 10 to 120 tration in surface runoff is related to STP concentration mg kg Ϫ1 , Heckrath et al. (1995) noted a change point in the topsoil. For example, found at 60 mg kg Ϫ1 , above which DRP in drainage waters that DRP concentration in surface runoff was linearly increased much more than if below. related to P extracted by Mehlich-3 (r 2 of 0.72), Bray-I The amount of P released from soil to water is depen-(r 2 of 0.75), Olsen (r 2 of 0.72), distilled water (r 2 of dent upon the soil P quantity-intensity relationship (Q/ 0.82), iron oxide paper (r 2 of 0.82), acidified ammonium oxalate (r 2 of 0.85), and P sorption saturation (r 2 of Soil Sampling and Analyses I) and the kinetics of P desorption. Many methods have been used to examine the kinetics of P desorption. For Twenty-five topsoil (0-7.5 cm) samples each of the Berks, example, water or dilute salt solutions (the latter deCalvin, and Watson soils were taken, along with 15 samples signed to simulate soil solution) have been used as deof the Alvira soils (from soil survey map). A total of 25 arable sorption mediums at soil to water ratios ranging from and 18 grassland topsoil samples were taken of the Denbigh soils at Slapton Wood (from soil survey map). Samples were 1:1 to 1:1000 to measure the amount of P desorbed at taken from fields with known manurial histories so a wide different times (Sharpley et al., 1981; Elkhatib and Hern, range of STP concentrations could be covered. Soils were 1988; Vig and Dev, 1979) . These release small concenanalyzed for pH in water, organic C (g kg Ϫ1 ), STP (Mehtrations of P, because the increase in solution concentralich-3 P and/or Olsen P), water, and 0.01 M CaCl 2 -extractable tion leads to the establishment of equilibrium. Freese et of the pipe was coated with paraffin wax to seal between the (i) the effectiveness of using STP to predict the magnisoil and lysimeter. More wax was placed at the bottom to tude of soil P movement;
give a more even distribution when driving it into the soil.
(ii) presence of a change point in STP versus soil
Additional edge flow restriction would be gained by the swellsolution P estimated from laboratory extracts of airing action of dry soil when wetted. Acid-washed sand was dried soils;
used to fill any void space (less than 1 cm) between the soil (iii) presence of a change point in STP versus P in and base cap. A 1-cm-diam. hole was drilled in the base cap, a small 5-cm tube glued in its place, and glass wool inserted surface runoff;
to prevent any loss of sand.
(iv) presence of a change point in STP versus P in Drainage waters were collected in response to rainfall (tap subsurface drainage waters.
water, P less than detection limit of 0.005 mg P L Ϫ1 ) of 10
In addition, the kinetics of the STP to soil solution P mm h Ϫ1 for 30 min, filtered (Ͻ0.45 m), and stored at 4ЊC up relationship in air-dried soils is examined to determine to 7 d in the dark until analysis. The lysimeters were sampled any variability with time and, in turn, the ability to (0-7.5 cm depth) at the end of the experiment and analyzed determine a change point.
for pH in water, organic C, STP (Mehlich-3 P and/or Olsen P), water, and 0.01 M CaCl 2 -extractable P.
MATERIALS AND METHODS Surface Runoff Study Field Settings
Soils from 72 sites were taken in 1999 from cultivated fields Soils were collected from locations in the UK (January) (3 Alvira, 35 Berks, 11 Calvin, and 23 Watson) from the FDand USA (April) in 1998: 36 watershed. Soils were air-dried, sieved (Ͻ2 mm), and (i) Slapton Wood, Devon (UK), a 9.5-ha subwatershed of packed into impermeable boxes (15 cm wide, 15 cm deep, 100 Slapton Ley, the largest body of freshwater in southwest Encm long) to a bulk density of 1.2 g cm Ϫ3 . Surface runoff was gland. The soils are Denbigh silt loams (Typic Dystrudept) of generated by applying rainfall (tap water, P less than detection permanent arable (in wheat, Triticum sp.) and grassland fields, limit of 0.005 mg P L
Ϫ1
) at 50 mm h Ϫ1 for 30 min to each which had received various quantities of mineral fertilizer and boxed soil, which was set to have a 5% slope. All rainfall was lime over 6 yr.
produced with size, velocity, and impact angles approximating (ii) FD-36, Pennsylvania, a 39.5-ha subwatershed of Manatural rainfall (Shelton et al., 1985) . Samples of runoff from hantango Creek, which is a tributary of the Susquehanna eight grassland and eight cultivated soils at Slapton were colRiver and ultimately the Chesapeake Bay. The soils are Alvira lected in the field by driving a 15-cm-wide, 7.5-cm-deep, 100-(fine-loamy, mixed, mesic Aeric Fragiaquult), Berks (loamycm-long box into the soil with a hammer and raining on them skeletal, mixed, active, mesic Typic Dystrudept), Calvin for 30 min at an intensity of 50 mm h
. All boxes at the Slapton (loamy-skeletal, mixed, mesic Typic Dystrochrept), and WatWood (Denbigh soils) field site were on an approximate 5% son (fine-loamy, mixed, mesic Typic Fragiudult) channery silt slope. Prior to runoff generation, pH in water, organic C, STP loams of cultivated fields (permanent arable, cultivated from (Mehlich-3 P and/or Olsen P), water, and 0.01 M CaCl 2 -soybean; Glycine max (L.) Merr.), that had received different extractable P were determined in the top 0 to 7.5 cm of soil from each box. Holes were plugged with replacement soil fertilizer inputs and swine manure over the last 10 to 15 yr. The relationship and change point between CaCl 2 -P and combined (first 250 mL plus the remaining volume, usually STP (or percent DPS) was determined using a split-line model 6 L) were filtered (Ͻ0.45 m), stored at 4ЊC in the dark, and that describes two linear relationships whose slopes are signifianalyzed within 1 wk.
cantly different from each other (at P Ͻ 0.05), either side of a change point. Below the change point:
Soil, Surface Runoff, and Subsurface
and above the change point: All soils were air-dried and ground to Ͻ2 mm prior to analysis. Organic C was determined by ignition (Grewal et CaCl 2 Ϫ P ϭ m 1 (STP) al., 1991) and soil pH in water using a soil to solution ratio ϩ m 2 (STP Ϫ change point in STP) ϩ c [3] of 1:2.5. Olsen P was extracted using a soil to solution ratio where c is the intercept, m 1 is the slope of the linear relationof 1:20 and 30 min end-over-end shaking (Olsen et al., 1954, ship for values of STP (or percent DPS) less than the change p. 1-19), while a ratio of 1:5 was used for 0.01 M CaCl 2 point, and m 2 is the difference in slopes after the change point (CaCl 2 -P) and water-extractable P, also with 30 min end-overcompared with m 1 . The four parameters (m 1 , m 2 , STP change end shaking (Schofield, 1955) . Soil extractions with 0.01 M point, and c ) were estimated by nonlinear regression, using CaCl 2 are designed to reflect soil solution on the basis that the method of maximum likelihood in Genstat v. 5.0 (Genstat cation exchange is minimized by the use of calcium and chlo-5 Committee, 1995). In general, the standard error of the ride at this concentration, which has no specific replacing change point was 10% or less. Hence, the estimates are reasonpower (Schofield, 1955) . Mehlich-3 P, as the standard STP ably precise. This can be attributed to the simple nature of method in Pennsylvania, was determined (Mehlich, 1984) . Disthe model to which all data points contribute toward the genersolved reactive P, commonly assumed to be inorganic P, was ation of the two slopes and where they meet to yield the measured in filtered (Ͻ0.45 m) soil extracts, surface runoff, change point. In all but two cases (see Fig. 7 ), more variance and subsurface drainage samples according to the method of (r 2 ) was accounted for by fitting the split-line model than by Murphy and Riley (1962) . Calcium (Ca 2ϩ ) was determined a simple linear regression. in the filtered surface runoff subsamples by ion exchange
The expanded Elovich equation was fitted using nonlinear chromatography. Suspended sediment was measured on unfilregression in SPSS v. 6.0 (SPSS, 1993) and the fit assessed tered surface runoff subsamples by weight after filtration through a linear plot of observed versus predicted values givthrough a 0.45-m filter.
ing an r 2 value. The r 2 value is given because nonlinear regresTotal Al, Fe, and P in the acid ammonium oxalate extracts sion does not yield true R 2 values. All additional analyses (e.g., (McKeague and Day, 1966) were analyzed by inductively coumean and standard error) were calculated using SPSS v. 6.0. pled plasma spectrometry, and the percent degree of phosphorus saturation (% DPS) calculated as 100 ϫ (mmol kg (Breeuwsma and Silva, 1992) .
RESULTS AND DISCUSSION
Due to the small number of samples, the kinetics of desorp-
Soil Samples
tion was studied with three replicates in 8 Alvira, 11 Berks, and 25 Denbigh arable soils by determining P extracted by Organic C, pH in water, and the concentrations of water or 0.01 M CaCl 2 (1:5 soil to solution ratio) after 2, 10, Olsen P, Mehlich-3 P, and CaCl 2 -P for those soils used 30, 120, 300, and 1440 min. A preliminary analysis of the data are given in Table 1 . The mean pH of the Denbigh fitted to first-order (Chien and Clayton, 1980) , second-order arable soil was greater than the Denbigh grassland soil, (Chien and Clayton, 1980) , parabolic diffusion (Vig and Dev, while the inverse was true of organic C. 36 exhibited a wide range in Mehlich-3 P and
[1] concentrations (Table 1) . A change point becomes apparent for each soil by simply plotting these data (Fig. where Q ϭ amount (mg kg Ϫ1 ) of released P at time t (min) and a, b, and c are constants.
1). Above the change point value, CaCl 2 -P increases at a greater rate per unit increase in STP than below this selected, from those with sufficient sample volume remaining, to have a range of values and means similar value. The value of the change point was 190 mg Mehlich-3 P kg Ϫ1 for the 0.01 M CaCl 2 extraction and at 185 to those in Table 1 . The relationship between STP conmg Mehlich-3 P kg Ϫ1 for the water extraction for both centration and P desorption (P intensity: water-and Alvira and Berks soils individually or pooled together 0.01 M CaCl 2 -extractable P) per minute for Alvira, as one data set. Previous evidence has shown change Berks, and Denbigh arable soils is shown in Fig. 2 and points differ if the soil is in arable or grassland manage-3. More P was desorbed in water than in 0.01 M CaCl 2 . ment (McDowell and Condron, 1999) . Consequently, This concurs with the results of Evans and Sorensen the Denbigh soil was split into two data sets (grassland (1986) , who showed that P desorption and loss by drainand arable). No change point could be determined in age water was inversely related to ionic strength. the Calvin, Watson, or Denbigh grassland soils. This More P was desorbed per minute with increasing STP may be due to scatter in the data or simply because the concentration (Fig. 2) . A change point in STP was still soils were not sufficiently saturated with P to exhibit a evident in all soils after 30 min and 24 h when using change point. 0.01 M CaCl 2 as an extractant (Fig. 2) . However, change points in STP concentration were absent from the Alvira
Kinetics and the Quantity-Intensity Relationship
and Berks arable soils and the Denbigh arable soil after Organic C, pH in water, and the concentrations of 24 h using water as the desorption medium (Fig. 3) . Olsen P, Mehlich-3 P, and CaCl 2 -P for those soils used This suggests that 0.01 M CaCl 2 and water extract P in the kinetic study are given in Table 2 . Soils were from different pools with time. Raven and Hossner (1994) found that the relationship between the amounts Table 2 . Means and range (w ) of organic C, pH, and concentraof P added and the quantities and rates of P desorption tions of Olsen P and Mehlich-3 P for Slapton Wood (Denbigh)
followed a linear trend. Conversely, Lookman et al. (1995) found that P desorption in water could be separated into fast and slow desorption pools and that the Site Organic C pH Olsen P Mehlich-3 P relative size of the quickly desorbing pool increased
with the initial degree of P saturation, effectively giving an extrapolation of the Elovich equation fitted to de- sorption data for up to 30 min desorbs more P than the 0.0046 for 73 and 404 mg kg Ϫ1 soils desorbed in 0.01 M CaCl 2 ). Assuming that this curve represents a measure Elovich equation fitted to the desorption data for up to of the quickly desorbing P pool, it is apparent that this 24 h. For the soil below the change point there is almost pool influences the change point after 30 min and that no difference between the curves. The ratio, concentraa different pool affects P desorption in water over longer tion of desorbed P in water min Ϫ1 after 24 h and Mehperiods (e.g., 24 h). lich-3 P concentration, is similar between soils, indicating a linear relationship (0.0144 and 0.0141 for 73 and Subsurface Drainage 404 mg kg Ϫ1 soils, respectively), whereas the ratio is different in 0.01 M CaCl 2 , suggesting a change point Data for organic C, pH in water, and concentrations (0.0068 and 0.0042 for 73 and 404 mg kg Ϫ1 soils, respecof Olsen P, Mehlich-3 P, and CaCl 2 -P for soils used in tively). The ratio (concentrations of desorbed P to Mehthe lysimeter evaluation of P movement through soil lich-3 P) is different for both soils and extractants if are given in Table 3 . Mean values of each parameter desorbed P is calculated from the Elovich equation fitare similar to those measured for the Q/I relationships ted to data up to 30 min (0.0143 and 0.0155 for 73 and in Table 1 , except for the Denbigh grassland lysimeters, which had mean Olsen P and CaCl 2 -P concentrations 404 mg kg Ϫ1 soils desorbed in water and 0.0069 and greater than those in Table 1 . Throughout the experidetermined for this soil by a plot of the concentration of CaCl 2 -P against Olsen P (37 mg P kg Ϫ1 ). It is clear ment, infiltration capacity was not exceeded during any rainfall event, meaning no ponding occurred.
that there was a direct relationship between drainage water DRP concentration, similar in shape to CaCl 2 -P, Arable and grassland Denbigh soil lysimeters ranged in Olsen P concentration (0-7.5 cm) from 44 to 112 mg P and Olsen P concentration ( Fig. 1 and 5) . The DRP concentration of lysimeter drainage waters kg Ϫ1 and 33 to 161 mg P kg Ϫ1 , respectively. In the arable lysimeters, CaCl 2 -P concentrations of soil samples colfrom Alvira and Berks soils exhibited a change point in Mehlich-3 P concentration at 193 mg kg Ϫ1 , very similected adjacent to the lysimeters were generally smaller than DRP concentrations in drainage water, while the lar to that exhibited by the field soils at 190 mg Mehlich-3 P kg Ϫ1 when plotted against CaCl 2 -P (Fig. 5a ). opposite trend was evident in the grassland lysimeters (compare Fig. 1 and 5 ). This may reflect differences in These results provide evidence for the increased loss of DRP in drainage water and CaCl 2 -P once the change the amount, turnover, and release of microbial P during wetting and drying cycles or more P derived from orpoint in STP is reached. Similarly, Hesketh and Brookes (2000) found that lysimeters of two arable soils gave a ganic matter in the grassland soils than arable soils (Birch, 1964) . Soil concentrations of Olsen P in the similar change point in Olsen P concentrations against DRP in drainage waters as against CaCl 2 -P. Results arable lysimeters were greater than the change point from the Calvin and Watson soils were more variable. the concentration of P in laboratory extracts varies with the soil to solution ratio, temperature, shaking, and soil However, concentrations of DRP in drainage waters were very similar to the concentration of CaCl 2 -P exchemistry (Barrow and Shaw, 1979) , consequently CaCl 2 -P at this ratio requires further testing as an estitracted from field soils. Indeed, a plot of DRP concentrations in drainage water against CaCl 2 -P for the FDmator for DRP in drainage water from other soils. 36 and Denbigh soils showed that both variables were significantly related to one another and of similar conSurface Runoff centration (slope near to 1, Fig. 6 ). For these soils, a soil to solution (as 0.01 M CaCl 2 ) ratio of 1 to 5, in Data for the mean concentrations and range of organic C, pH in water, and concentrations of Olsen P, conjunction with STP, may predict the change point in STP concentration, and estimate DRP concentration Mehlich-3 P, and CaCl 2 -P in the soil used to evaluate soil P transfer to surface runoff are given in Table 4 . in drainage waters. However, it is widely known that These soils were selected to have a range of concentraconcentration in drainage water against Olsen P concentration following rainfall of different intensities. In the tions and means similar to those in Table 1 . As expected, the concentration of DRP in surface runoff increased present study, suspended sediment and Ca were determined in the first 250 mL of surface runoff and all with STP concentration in all soils (Fig. 7) . At high Mehlich-3 P concentrations (Ͼ185 mg kg
Ϫ1
) and Olsen surface runoff combined for a representative range of Mehlich-3 P concentrations for each soil. The ratios of P (Ͼ35 mg kg Ϫ1 ), concentrations of DRP in the first 250 mL of surface runoff increased much more relative to suspended sediment to solution in all surface runoff combined were greater than those in the first 250 mL STP, indicating a change point. A change point in Mehlich-3 P concentration was also evident in a subsample of surface runoff (Table 4) . Effectively, decreasing the slope of DRP concentration in surface runoff relative of all surface runoff combined (including additional data for Berks arable soils). However, this relationship was to STP concentration made it harder to determine a change point. also adequately described (P Ͻ 0.01) by a linear regression (Fig. 7) . Concentrations of DRP in subsamples of Like DRP, mean concentrations of Ca 2ϩ were greater in the first 250 mL of surface runoff than in a sample all surface runoff combined from Denbigh arable and grassland soils were linearly related to Olsen P concenof all surface runoff combined, probably the result of the selective erosion of fine clay particles (Sharpley, tration (Fig. 7) .
Hesketh and Brookes (2000) showed that as the soil 1985) and the smaller soil to solution or sediment to runoff ratio (Table 5 ). Increasing ionic strength is known to solution ratio widens the concentration of CaCl 2 -P decreases, but the change point remains constant. They to decrease P desorption (Evans and Sorensen, 1986 ). However, the higher concentration of Ca may make the used this to explain the different slopes in plots of DRP Table 4 . Means and range (w ) of organic C, pH, and concentration of Olsen P, Mehlich-3 P, and CaCl 2 -P for the Slapton Wood (Denbigh) and FD-36 (Alvira, Berks, Calvin, and Watson) soils used in the surface runoff boxes. first 250 mL of surface runoff behave like a 0.01 M (Afif et al., 1995) , it has been linked to a decrease in P sorption (Barrow, 1989) . By occupying P sorption sites, CaCl 2 extraction, probably releasing P from a different and more labile pool to the rest of the surface runoff larger amounts of organic C in grassland soils may increase the desorption potential of loosely bound P comand making the change point more evident.
More DRP was released into surface runoff from the pared with arable soils. Dils and Heathwaite (1996) showed that a large proportion of the DRP in surface grassland Denbigh soils over a range of Olsen P concentrations from 0 to 45 mg kg Ϫ1 than from the Denbigh runoff from grassland is in organic forms. Therefore, relative to arable soils, the grassland soils may also have arable soils, although the slope of the linear regression was higher for arable soils than grassland soils (Fig. 7) .
DRP concentrations detected by the Mo reaction of Murphy and Riley (1962) inflated above their real value Similarly, in an adjacent watershed to Slapton Wood, Heathwaite et al. (1990) found that inorganic P concenby the hydrolysis of some loosely bound organic P forms (Stevens, 1979) . trations in surface runoff from a lightly grazed grassland plot were greater (50%) than those from runoff from Extraction of topsoil with water has been used in the past to simulate DRP release into surface runoff (e.g., an arable plot. Surface runoff from grassland compared with arable plots carries little sediment, and is domi- . In general, water extracted twice more DRP than was released into surface runoff. However, nated by DRP (Sharpley and Lord, 1997) . The Denbigh grassland soils contain more organic C and, hence, ora plot of DRP in surface runoff against DRP extracted by water from topsoil (0-5 cm) shows that the two are ganic matter than the arable soils (Table 4) . While the role organic matter plays in P desorption is not clear significantly related two each other (Fig. 6 ). Thus, a water extraction at a soil to solution ratio of 1 to 5 may Mehlich-3 P concentration of 50 mg kg Ϫ1 (optimum for be useful as a predictor of both a change point in STP many crops) gave a DRP concentration in overland flow and an estimator for DRP loss in surface runoff. Howfrom grassland in Arkansas of 0.5 mg L Ϫ1 . Sibbesen and ever, as with CaCl 2 -P, a cautious approach should be reported that an "optimum" Bray-I P taken when using water to estimate DRP in surface runconcentration of 30 mg kg Ϫ1 yielded DRP concentraoff, as this may vary between soil types and require calitions in surface runoff from 0.025 to 0.35 mg L Ϫ1 in bration. different soils. Thus, soils with STP concentrations similar to those recommended for optimum crop growth,
Possible Implications for Management
may sustain DRP concentrations in surface runoff above levels accelerating eutrophication in surface water Phosphorus concentrations that cause eutrophication bodies. can range from 0.01 to 0.03 mg L Ϫ1 USEPA, 1994) . found that a However, the change point is often above optimum STP concentration for crop growth. For example, the solution, and the results have suggested that this is true for subsurface drainage. Water extractions have been Broadbalk soil at Rothamsted (Harpenden, UK) has a change point at 55 mg kg Ϫ1 Olsen P (Heckrath et al., used in a number of studies to estimate DRP in surface runoff (e.g., . How-1995), well above the optimum Olsen P concentration of 25 mg kg Ϫ1 for potatoes, sugar beet, winter wheat, ever, both the soil to solution ratio and ionic strength vary with rainfall intensity and the volume of surface and spring barley (Johnston and Poulton, 1997) . Within the FD-36 watershed a Mehlich-3 P of 50 mg kg Ϫ1 is seen runoff (Sharpley et al., 1986) . Thus, in the field, DRP concentrations in surface runoff during a short storm as adequate for the optimum growth of crops (Beegle, 1999) , and is well below the change point of 190 mg or one carrying a large amount of sediment may be better predicted with 0.01 M CaCl 2 than water. Within kg Ϫ1 (Fig. 1) . If P management was based on the STP change point, the majority of the soils within the waterthe FD-36 watershed, a 50 mm h Ϫ1 storm event lasting for 30 min will occur on average once every 2.33 yr, shed have a Mehlich-3 P less than the change point and therefore are less likely to release P into surface runoff while a 10 mm h Ϫ1 storm lasting for 30 min will occur several times a year (Aron et al., 1986) . While laboratory and subsurface drainage (McDowell et al., 2001 ). Furthermore, if only those sources of P that are hydrologiextractions with water or 0.01 M CaCl 2 have shown some ability to estimate DRP concentration in surface runoff cally active (i.e., subsurface drainage, high water table, and/or surface runoff contributes to stream flow) are and subsurface drainage, respectively, further work is required to determine their behavior to the different considered, then the area at risk of P loss may be further reduced (Gburek et al., 2000) . rainfall intensities and durations in the field. Evidence presented here and elsewhere (e.g., Hesketh and Brookes, 2000; McDowell and Condron, 1999) 
CONCLUSIONS
shows that a lab-based extraction of soil solution P with 0.01 M CaCl 2 can yield a change point very similar in A plot of CaCl 2 -P or water-extractable P concentramagnitude to that between DRP in surface runoff or tion against STP (Olsen P or Mehlich-3 P) showed a subsurface drainage water and STP. As the change point point in STP concentration above which CaCl 2 -P inis derived from a quantity (Olsen P)-intensity (CaCl 2 -P) creased at a greater rate per unit increase in STP than if relationship or an inverse desorption isotherm, this inbelow (i.e., a change point). The change point remained fers that any existing STP method that attempts to meaconstant in a plot of STP and different CaCl 2 -P extracsure the quantity of P in the soil may be coupled with tion times, but disappeared when plotted against water, a measure of P in soil solution, surface runoff (P inteninferring different pools were being extracted. Similar sity), or subsurface drainage to establish a change point change points were also observed when STP was related (McDowell et al., 2001) . However, to be useful as a to the DRP concentration of surface runoff or subsurmanagement tool the change point must be able to conface drainage. The concentration of DRP in drainage sistently estimate P lost in surface runoff and subsurface waters was significantly related, and of very similar magdrainage in different soils and hydrological conditions. nitude, to CaCl 2 -extractable P of lysimeter topsoils. WaEvidence suggests that while the change point reter-extractable DRP was significantly related to DRP mains constant, the slope of CaCl 2 -P or DRP against in surface runoff, but approximately twice the concen-STP changes with rainfall intensity as a result of changtration. ing ionic strength and soil to solution ratio (Table 5) .
More DRP was present in the first 250 mL of surface As the relationship between concentrations of STP and runoff than all the surface runoff combined. A plot of all DRP tends toward linearity the change point in STP surface runoff combined against topsoil STP exhibited a becomes more difficult to detect. Soils extractions with higher linear regression correlation coefficient than if plotted against DRP in the first 250 mL of surface run-0.01 M CaCl 2 are designed to best represent the soil to streams in a small catchment in southwest off. This was attributed to the lesser concentration and 
